A sound operative plan based on solid understanding of the pathology and biomechanics is the most important part of cervical deformity correction. Many different surgical options exist for operative management of cervical spine deformities. However, selecting the correct approach that ensures the optimal clinical outcome can be challenging and often controversial. In Part 2 of this three-part review series, we discuss the pre-operative planning, management algorithm, and anterior surgical techniques for cervical deformity correction.
A
sound operative plan based on solid understanding of the pathology and biomechanics is the most important part of cervical deformity correction. Spine surgeons must clearly identify the goals of surgery and consider how much correction of the deformity is required. The optimal clinical outcome cannot be achieved without clearly defined surgical goals along with a well-thought-out operative plan. The goals of cervical spine deformity surgery should include the following: correction of deformity, restoration of horizontal gaze, decompression of the neural elements as necessary, spinal stabilization with a biomechanically sound construct with adequate fixation points, meticulous arthrodesis to facilitate solid bony fusion, and minimizing surgical complications.
PREOPERATIVE PLANNING AND MANAGEMENT ALGORITHM
A comprehensive assessment of previously mentioned radiographic parameters such as cervical lordosis, chin-brow vertical angle
ABBREVIATIONS:
ACDF, anterior cervical discectomy and fusion; ATO, anterior osteotomy; CBVA, chin-brow vertical angle; CT, computed tomography; MRI, magnetic resonance imaging; PLL, posterior longitudinal ligament; PSO, pedicle subtraction osteotomy; SPO, Smith-Petersen osteotomy; SVA, sagittal vertical axis (CBVA), C2-7 sagittal vertical axis (SVA), T1S, etc. should be undertaken. The amount of correction needed for each parameter should be calculated to determine the surgical techniques required to achieve these specific goals. Although there is no universally accepted "normal values" for these parameters, current available evidence suggests that T1S -C2-7 lordosis <15
• , C2-7 SVA < 40 mm, CBVA between -10
• and +20
• are generally acceptable ranges. [1] [2] [3] [4] Of course, each patient is unique and the optimal surgical correction needs to be determined on individual basis.
The factors that are important for surgical planning include: (1) presence of neural compression and any associated neurologic symptoms, (2) flexibility of the deformity, (3) presence of anterior or posterior ankylosis, (4) location of the deformity, (5) prior surgery, (6) presence of degenerative changes at other levels, particularly the proximal/distal end vertebral levels and the cervicothoracic junction (if the area of concern is in the lower cervical spine), (7) general medical status and presence of medical comorbidities.
Preoperative dynamic x-rays, magnetic resonance imaging (MRI), and computed tomography (CT) of the cervical spine must be carefully studied. Presence of ventral compression should be noted on MRI. If there is anterior compression of the spinal cord, then a ventral approach is usually necessary in the overall strategy to achieve anterior spinal cord decompression, unless either an indirect decompression via deformity correction (which may require a posterior vertebral column resection) can safely be performed. If the integrity of the anterior column is compromised, such as in the setting of infection or neoplasm, then the anterior approach is almost always necessary. An exception can be considered if the deformity is corrected via a posterior strategy and adequate fixation with at least 6 points of fixation above and below the levels of the anterior defect into nonosteoporotic bone can be obtained. The 6 points of fixation may include lateral mass, pedicle, laminar fixation, or a combination of all 3.
Next, the flexibility of the deformity can be assessed on lateral flexion/extension cervical x-rays. If the cervical spine is flexible and the deformity corrects on extension, then a posterior-only approach may be possible. However, if the kyphotic deformity is severe, a posterior approach alone may not completely correct the deformity and additional anterior approach may be required.
If the deformity is stiff, fine-cut CT of the cervical spine should be obtained to evaluate for presence of anterior, as well as posterior, ankylosis. If the facets are not fused, then anterior correction alone maybe possible, although some surgeons may still prefer backing up the construct posteriorly if the anterior instrumentation spans more than 3 levels (anterior-posterior). If the facets as well as the anterior column are fused, then a posterior release should be strongly considered prior to anterior correction, followed by posterior instrumentation and fusion with or without additional osteotomy (posterior-anterior-posterior) depending on the extent of correction needed. Alternatively, one can utilize the anterior osteotomy techniques described later in this article.
The location of kyphotic deformation is also important. A focal kyphotic deformity in the cervical spine often can be corrected via anterior corpectomy. If a severe focal kyphotic deformity is present at the cevicothoracic junction, as is often the case with ankylosing spondylitis, a C7 or T1 pedicle subtraction osteotomy (PSO) may be performed to correct the focal kyphosis. In patients with cervical spinal deformity and concurrent severe thoracic kyphosis, additional osteotomies in the thoracic spine may be required to obtain the necessary correction. This is where the real controversy exists. Upper thoracic kyphosis will adversely impact the T1 slope. Full correction of the T1 slope and C2-C7 SVA may require a major procedure extending into the midthoracic level. More data, from multiple groups, are required to support such aggressive surgery. In general, if a patient requires a deformity correction above T2 and also has concomitant deformity below T2, we recommend correction of the lower deformity first. Otherwise, if the upper deformity is first corrected to produce a horizontal gaze, a subsequent lower deformity correction may place the head and neck in an overcorrected position.
If the patient had prior surgery in the cervical spine, every effort should be made to obtain the operative report to determine the type and instrumentation used, as well as intraoperative findings. Prior fusion mass should be assessed with CT to check for pseudoarthrosis. Relevant surgical instruments should be available for removal of the implanted instrumentation. If an anterior approach is used, it may be preferable to go through the contralateral side, as scar tissues from prior surgery may make the dissection more difficult. If the contralateral side is used, otolaryngology consultation should be obtained preoperatively to confirm vocal cord motility bilaterally. If the recurrent or superior laryngeal nerve has been injured or ENT (ear, nose, throat) evaluation is unable to be obtained for any reason, the same side should be utilized to avoid possible bilateral injury of the laryngeal nerves. If a posterior approach was previously utilized, the wound should be inspected for the integrity of soft tissues. If the muscles are dehisced and there is a large cavity in the center of the wound or poor soft tissue coverage, then wound-related complications are much more common. Dehisced muscles have to mobilized from their lateral position and reattached in the midline. If the surgeon does not have experience with such techniques, a plastic surgery consult should be obtained.
Preoperative medications and social habits should be reviewed. Patients with severe deformities with neck pain are often on chronic narcotics. Every effort should be made to wean off of these prior to surgery to improve the outcomes and to minimize the risk of narcotic overdose postoperatively. Medications and supplements that can cause excessive bleeding such as ginger, gingko, fish oils, aspirin, etc. should be stopped. Cessation of smoking and normalization of vitamin D levels are also important.
Lastly, the patient's general medical status and medical comorbidities must be carefully assessed. Some patients may not be medically fit for an extensive surgical correction, and a lesser procedure or medical management may need to be undertaken instead.
ANTERIOR TECHNIQUES
Common anterior techniques for cervical deformity correction include anterior cervical discectomy and fusion (ACDF), cervical corpectomy, and anterior osteotomy (ATO). The anterior techniques can often be combined with the posterior techniques to achieve circumferential spinal reconstruction. As a general rule, the amount of lordosis obtained is about 3
• to 5
• for a single level ACDF, 10
• for a Smith-Petersen osteotomy (SPO), 17
• for an ATO, and up to 35
• for a C7 PSO.
5,6
Anterior Cervical Discectomy and Fusion ACDF is one of the most common surgical procedures performed by spine surgeons with excellent clinical outcome in properly selected patients. A recent study demonstrated that a single level ACDF improved the segmental cervical lordosis by 6.45
• , and the overall C2-7 cervical lordosis by 3.46
• at 1 yr. 5 In the setting of cervical deformity, multilevel ACDFs can be an effective tool in restoring cervical lordosis. 7 However, one must keep in mind that there is a high rate of pseudoarthrosis with multilevel constructs and additional posterior fixation is often required to facilitate arthrodesis.
Preferably, patients with prior ventral cervical spine surgeries should be assessed for vocal cord function by an otolaryngologist prior to another anterior surgery. If the vocal cord function is normal, both of the senior authors prefer to approach the cervical spine from the left side due to the longer course of the recurrence laryngeal nerve and theoretical lower risk of iatrogenic injury to the recurrence laryngeal nerve. If vocal cord function is impaired from prior surgery, then the surgery is performed from the same side as the prior surgery to avoid potential bilateral recurrent laryngeal nerve injuries.
In patients with severe cervical kyphosis, endotracheal intubation can be difficult. Cervical traction using Gardner-Wells tongs can facilitate intubation and the initial surgical exposure. Mean arterial pressure should be maintained >80 mm Hg to ensure adequate spinal cord perfusion throughout the procedure. The approach is unusually carried out from the left side, with either a transverse or longitudinal incision based on the surgeon's preference. A sufficiently long transverse incision can provide adequate exposure from C2 to T2; however, the longitudinal "carotid type" incision obtains excellent exposure with minimal retraction and if performed properly is cosmetically satisfactory. Alternatively, one can utilize 2 transverse incisions, but this can be cumbersome. The standard Smith-Robinson approach is carried out and the omohyoid muscle is tagged with sutures, divided with monopolar cautery, and retracted away. The suture tags allow for repair at the end of the case.
The superior and inferior thyroid arteries may be encountered during exposure and can be safely ligated and divided to allow maximal surgical exposure. The superior thyroid artery should be carefully isolated prior to ligation to avoid inadvertent injury to the external branch of the superior laryngeal nerve, which can affect the pitch of voice if injured. The internal branch of the superior laryngeal nerve is larger and provides bilateral sensory innervation of the laryngeal mucosa, often accompanied by the superior laryngeal artery. Often it is not necessary to divide the superior laryngeal artery to gain access to C2, but if the exposure is limited rostrally or caudally, it is usually by a vascular structure so taking these vessels can greatly enhance exposure.
Releasing of the trachealesophageal bundle with meticulous dissection can provide excellent exposure from C2 to the upper thoracic spine. The medial attachments of the longus colli are then released bilaterally with either bipolar or monopolar cautery with a protected tip. A Penfield #2 can be used to safely dissect the longus laterally without risking injury to the vertebral artery. Preoperatively, the MRI should be studied in all cases to determine the course of the vertebral artery and any vascular anomaly should be noted. Table-mounted retractor systems (Thompson Surgical Instruments, Traverse City, Michigan or NuVasive Cervical Retractor, NuVasive Inc, San Diego, California) can provide excellent retraction during anterior cervical spine surgery. The senior authors prefer using narrow-toothed blades for retraction of the longus colli; this will provides visualization of a single disc space at a time, thus decreasing overall retraction time of trachea and esophagus over any 1 region. If additional exposure at C2 is required, a retractor blade can be placed at the rostral end by utilizing the tablemounted retractor system. This blade should only be placed when necessary to minimize soft-tissue retraction. Working sequentially from 1 level to the next, the anterior osteophytes are removed with a Leksell rongeur or high-speed burr. Next, the anterior longitudinal ligament and disc annulus are incised, followed by the removal of disc material up to the posterior longitudinal ligament (PLL) using curettes and pituitary rongeurs, and preparation of the endplates for grafting.
The cervical levels with the most neural compression and deformity are usually addressed first. A high-speed burr is used to remove the posterior osteophytes, as well as the posterior portion of the uncinate processes. The PLL is then removed using a combination of microcurettes and Kerrison rongeur with clear visualization of the anterior dura and origins of the nerve roots. In some patients with severe kyphosis, a corpectomy may be required to achieve adequate decompression if the severe angulation of the interspace limits clear visualization of the spinal canal.
To correct the kyphotic deformity, intervertebral body spreaders can be used along with sequentially taller disc spacers to achieve segmental correction. The spreaders are slowly opened simultaneously in a controlled fashion, and the distraction is maintained with sequentially taller disc spacers. If the neck is thick and the wound deep, using these distractors can be challenging. The distractors for cervical arthroplasty have a longer reach, allowing placement into deep wounds and are an excellent tool to help correct the segment. It is important to be certain that the uncinate processes are resected with a high-speed burr to maximize deformity correction. Allografts are placed after decompression and deformity correction at each level.
Plating for a long anterior cervical construct can be difficult and one of the senior authors (VCT) prefers using custom-made anterior cervical plates (up to 130 mm in length) for most of the patients with long constructs. If a circumferential procedure is performed, one can use stand-alone cages anteriorly. This is simpler and faster than using a long plate. Alternatively, 2 separate plates can be used if necessary, since patients with large cervical vertebrae can often accommodate 4 screws into a single vertebral body; if the vertebral body is unable to fit 4 screws for the 2 separate plates, the screws for the second plate can be omitted at the level adjacent to the first plate, since it can act as a buttress plate to prevent graft migration. The "cloverleaf " type arrangement for the screw apertures provide the spine surgeon more options for screw placement in these long anterior cervical constructs (Atlantis Anterior Cervical Plate, Medtronic Spinal and Biologics, Dublin, Ireland; Figure 1 ).
To facilitate deformity correction, the long anterior cervical plate can be contoured into the desired lordosis and the screw holes are drilled first at the apex of the deformity. Next, screws are placed at the levels where plate-assisted reduction is desired, while allowing the ends of the plate to move along the spine as the cervical alignment changes (Figure 2) . Subsequently, the screws are slowly tightened at each level simultaneously to maximize force and minimize risk of screw stripping. The ends of the plate are fixed to the spine last. The sequence of fixation is important because the overall length of the spine will vary as sagittal alignment changes. Bicortical screw fixation provides more rigid fixation is preferred.
Surgical drains are placed in all patients, followed by standard closure, with repair of the omohyoid by one of the senior authors (VCT). Of note, for multiple level ACDF > 3 levels, additional posterior fixation should be considered to decrease risk of pseudoarthrosis. Circumferential surgery is also recommended for patients with osteoporosis or where large angular correction has been performed.
Anterior Cervical Corpectomy and Fusion
When ventral spinal cord compression is directly posterior to the vertebral body or if there is pathology compromising the structural integrity of the vertebral body, anterior cervical corpectomy may be indicated to achieve cord decompression and kyphotic deformity correction. The initial surgical exposure part of corpectomy is the same as ACDF.
Once the level of intended corpectomy is exposed, discectomies above and below the level of intended corpectomy is completed in the usual manner. A Leksell ronguer is used to remove the vertebral body from between the uncovertebral joints. The most posterior part of the vertebral body is removed using high-speed burr. Once the corpectomy is completed, resection of the PLL allows for complete visualization and verification of decompression of the thecal sac. A structural graft such as iliac crest, fibula, or a cage can be inserted into the corpectomy site. Cervical traction may facilitate insertion of the graft with gentle tamping. A 1-level corpectomy is an excellent situation to use distraction pins to help place the graft or cage. The depth of the graft is carefully inspected to make sure it is well clear from the spinal canal. Anterior cervical plating is then used to secure the graft in place, a drain is placed, and the wound is closed in the usual fashion.
Of note, multiple level corpectomy construct, especially more than 2 levels, can have high instrumentation failure rates, up to 50% to 71.4%. 8, 9 Therefore, additional posterior fixation should be utilized when corpectomies involving 3 or more levels are performed. Even with 1 of 2 level corpectomies, if large angular correction has been achieved, or if the patient is osteoporotic, the caudal endplate is at risk for subsidence and even collapse. We therefore have a low threshold for posterior augmentation. The cervical spine should be carefully imaged to determine if an intermediate vertebral body may be spared and fixated during the reconstruction procedure. This technique provides additional intermediate fixation points of the anterior cervical implants, which decrease the risk of hardware failure and pseudoarthrosis. 10 Whenever possible, we prefer to use a hybrid corpectomy and discectomy procedure, which is also more stable than a multilevel corpectomy.
Anterior Osteotomy
Anterior osteotomy is another powerful technique for cervical deformity correction via the anterior approach. This technique has been described by one of the senior authors (KDR) previously. 11 The patient is positioned in the supine position, and if there is a rigid kyphotic cervical spine, the head is often suspended in the air during positioning and some folded sheets along with a small gel or foam donut can help to support the head at the beginning of the case. Gentle traction using Gardner-Wells tongs can be applied to facilitate intubation and initial approach to the anterior cervical spine.
Assessment of the vocal cords and choice of approach side in cases of prior anterior surgery has already been discussed in a prior section. Surgical exposure of the apex of the kyphosis can be difficult since it is deep in the wound. If there is significant concomitant coronal deformity, approaching from the convex side is generally easier. Careful examination of the vertebral artery anatomy is paramount because the dissection often extends laterally to the uncinates during ATO. Penfield #4 or #2 dissectors are used to perform blunt dissection lateral to the uncinates. The costal process, which is the anterior ring of the foramen transversarium, can be used as a landmark to identify the uncinates. The uncinate along with the disc space are immediately medial to the cranial border of the costal process. One or 2 sets (if the bone is osteoporotic) of Caspar pins can be placed above and below the disc space of intended anterior osteotomy. The Caspar pins are placed in a divergent manner perpendicular to the anterior cervical spine, which can help to produce lordosis after the osteotomy is performed (Figure 3) .
A 3-mm high-speed burr (matchstick) is used to initiate bony resection. In patients with only kyphotic deformities, the resection is kept perpendicular to the cervical spine and in the same space as the previous disc space to minimize the risk of iatrogenic coronal plane deformity. In patients with mixed coronal and kyphotic deformities, the asymmetrical bony resection can be performed to produce correction in both the coronal and sagittal places. The bony resection extends posteriorly to the PLL.
Iatrogenic vertebral artery injury can occur during the bony resection of the lateral uncinates, and thus should be performed with extreme caution. To prevent this potential complication, a Penfield #4 or Penfield #2 dissector is placed at the lateral boarder of the uncinates to protect the vertebral artery during the lateral bony resection (Figure 4) . A microcurette can be used to break off the remaining thin shell of the bone toward end of lateral uncinate removal. Foraminotomies should be performed to prevent nerve root compression during neck extension at the level of anterior osteotomy. For deformity correction, downward force is applied gently on the forehead through the sterile drapes by the spine surgeon after removing the sheets under the head one at a time by the anesthesia team. Meanwhile, distraction of the Caspar pins is also used to further facilitate kyphosis correction. This maneuver can be used even in cases with prior posterior fusion with instrumentation, since the long lever arm can force most posterior cervical rods into less kyphosis to obtain partial deformity correction after anterior osteotomy. A Cobb elevator can also be inserted into the osteotomy site and gently rotated to distract the disc space while simultaneously distracting along the Caspar pins. In addition, vertebral body spreaders along with sequentially larger disc space sizers can also be helpful in kyphosis correction ( Figure 5 ).
Once the correction of kyphosis gets to the point where the occiput touches the operating table, the correction is complete. If the correction is still inadequate, the anesthesiologist can place a rolled sheet under the shoulders to provide further cervical lordosis. The cervical traction can be increased to about 25 lbs to maintain the correction as needed. The largest possible bone graft is then placed in the distracted osteotomy site. If complete deformity correction is achieved via the anterior approach, then an anterior cervical plate with fixed angle screws are placed. However, if only partial correction is obtained anteriorly and further posterior correction is desited, then a trapezoidal graft is placed in the anterior part of the osteotomy site, so that further lordosis can be achieved with subsequent posterior correction. In this scenario, a buttress plate or an interference screw is used to prevent graft extrusion during the subsequent posterior operation ( Figure 6 ). It is rare for us to not do posterior augmentation of an anterior osteotomy, since the endplates are soft cancellous bone. If immediate posterior fixation is not possible for any reason, a halo or a rigid brace is recommended, followed by posterior surgery when it is possible. Posterior fixation or significant external mobilization is always wise when correcting significant cervical deformities.
CONCLUSION
Cervical spine deformity can significantly impair a patient's quality of life. Various surgical strategies and techniques exist to treat this challenging condition. Regardless the specific surgical approach used, a solid understanding of spine biomechanics, a thorough preoperative neurological examination, a detailed review of preoperative images, along with careful surgical planning and meticulous surgical techniques are essential to ensure the best clinical outcome in cervical deformity correction.
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COMMENT T
his is an overview of current surgical strategies available to treat cervical deformities utilizing multiple anterior approach techniques described in the report. It is becoming a common practice to address alignment issues preoperatively, prior to actual procedures to determine what type of release/corrective techniques to be utilized to correct the deformity. T1S -C2-7 lordosis < 15
• , C2-7 SVA <40mm, CBVA between −10
• is a good guideline to follow as stated in the report. Choosing which side to approach for the revision is wellexplained in detail as referenced to the vocal cord function and possible previous recurrent laryngeal nerve injury. The descriptions for ACDF and corpectomy are well-done. I find the description of sequential tightening of screws for the plate placement very interesting. The authors also mentioned using disc distractors in addition to Caspar pins to the vertebral body to correct the kyphosis. The last release technique described was anterior osteotomy (ATO) through the uncinate vertebral junctions while protecting the vertebral arteries using Penfield #2 or 4. A long lever arm to push against the patient's forehead after the release to correct kyphosis is a nice technique that a majority of spine surgeons may not have in their arsenal during a routine cervical surgery. The endpoint of correction was when the patient's head was resting on the operating room table without any support. The authors summarized the multiple factors involved in making proper surgical decisions in addition to providing surgical pearls to the readers to perform very technically challenging, high risk cases safely.
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